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NOTATION
Jet exit area, ft?
Sonic velocity in the jet, ft/sec

Sectional drag coefficient from momentum loss in wake,
corrected for additional mass efflux of the jet

Sectional drag coefficient as measured by the rake,
uncorrected

Sectional lift coefficient

Maximum sectional l1ift coefficient obtainable within
test limitations

Pressure coefficient, (P, - P.)/d.

Chord length, ft

Slot height, inches

Mach number in the jet

Jet mass efflux, slug/sec

Duct (plenum) total pressure, 1b/ft?

Local static pressure on the model, 1b/ft?
Freestream static pressure, 1lb/ft?
Freestream dynamic pressure, 1b/ft?
Universal gas constant, 1715. ft?/sec? °R
Duct (plenum) total temperature, °R
Freestream velocity, ft/sec

Chordwise distance from the leading edge, ft
Geometric angle of attack, degrees

Ratio of specific heats



ABSTRACT

A circulation control (CC) elliptic airfoil section with a
thickness-to-chord ratio of 0.17 and l-percent circular arc
camber, was experimentally evaluated to determine its low speed
aerodynamic characteristics. The model profile is that of a
previously tested single upper surface trailing edge slot
airfoil, modified to incorporate an additional blowing slot on
the lower surface. The main objective of this initial test was to
determine if the control range, that is the range of lift
coefficient available at a given angle-of-attack and momentum
coefficient, could be increased without compromising the
performance previously obtained with the single slot version.
Test results show that the control range is more than doubled and
there is no impact on upper surface only blowing performance. The
range of lift coefficent produced at a = 0 degrees, using a
combination of upper and lower slot only blowing is C; from +3.6
to -4.0. Blowing efficiency when using the lower slot was found
to be higher than that obtained when using the upper slot. This
finding was somewhat unexpected, since lower surface blowing is
equivalent to using CC on a negatively cambered airfoil. Data was
aquired using either only the upper or the lower surface slot or
with dual blowing, that is simultaneous upper and lower slot
blowing.

ADMINISTRATIVE INFORMATION

The work herein was undertaken from 1986 - 1987 and was
supported by the David W. Taylor Naval Ship Research and
Development Center (now the Naval Surface Warfare Center
Carderock Division) under the Independent Exploratory Development
Program sponsored by the Space and Naval Warfare Systems Command
(SPARWAR 05), and administered by the Research Coordinator
(DTNSRDC, Code 012.3) under Program Element 62766N, Task Area
RZ66300. DTNSRDC Work Unit 1-1690-107. This report was written
under the auspices of the Office of Naval Research and Dr. R.
Joslin.

INTRODUCTION

Research into the use of the Coanda effect as a form of
boundary layer control to provide high lift has been the subject
of extensive experimental investigation at the Naval Surface
Warfare Center Carderock Division (NSWCCD) since the late 1960's.
Application of this technology was both to fixed and rotary wing
aircraft and to hydrodynamic vehicles (References 1 - 4).

Using Circulation Control (CC) high 1lift augmentation is
obtained by tangentially ejecting a wall jet over the rounded
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trailing edge of a wing or foil. The jet sheet, which provides a
mechanism for boundary. layer control, remains attached to the
curved surface of the trailing edge due to the Coanda effect. The
absence of a sharp trailing edge also removes the constraint of
an enforced Kutta condition, allowing the effective trailing edge
stagnation point to move and hence the wing circulation to freely
change. '

The lower surface blowing model (LSB17) was designed, built
and tested in 1986 - 1987. The LSB two dimensional airfoil, shown
in Figure la, was the first CC model designed at NSWCCD to
incorporate both upper and lower trailing edge blowing slots.
Previously using only upper surface slots the lift due to blowing
could only increment, in a positive sense, the unblown lift.
There are however applications where the ability to increase,
decrease or produce a side force in either direction is
desirable. In order to achieve such flexibility a lower surface
slot was incorporated into an already existing CC model profile.
The LSB17 model was designed for use at both subsonic and
transonic speeds.

A limited experimental evaluation of the low speed
characteristics of the LSB17 airfoil was undertaken in July-
August 1987, as a prelude to a more extensive transonic test. The
test at transonic speed, has not to this date, been undertaken.

Recently, however, a three dimensional low aspect ratio dual
blowing CC wing suitable for hydrodynamic applications has been
designed and tested at NSWCCD. The results of the experimental
evaluation may be found in Reference 5.

MODEL AND TEST APPARATUS

The main objective of the design was to provide an expanded
control range while maintaining performance comparable to a
previously tested single, upper surface trailing edge slot model
with the same basic profile, referred to as the "parent"” airfoil
(Figure 1b). A more complete discussion of the analysis,
specifications, design objectives and design details of the LSB17
model may be found in DTNSRDC/TM-16-86/03 (the complete text of
which is included in Appendix A).

The airfoil basic profile is an ellipse with a thickness
ratio of 0.17 and 1.0 - percent circular arc camber. Since a
design prerequisite for the LSB is for performance to remain
comparable to that of the parent airfoil when the upper blowing
slot is used, the lower slot is imbedded. Imbedding insures that
when the lower slot is closed the contour in that region is
smooth and remains virtually unchanged with respect to the
original airfoil geometry. Such a design would reduce any
tendency for the upper surface wall jet to separate prematurely
due to the physical presence of the lower slot.

The LSB17 model is manufactured of aluminum with a 12 inch
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chord and a 36 inch span. As shown in Figure la the model is
constructed with two completely separate plenums to allow control
of the pressure in each chamber independently of the other. Each
slot exit is the throat of a converging nozzle whose height is
adjusted through the use of pitch screws. The upper and lower
blowing slots are located at x/c = 0.968 and 0.970 respectively.
A listing of the coordinates of construction are given in
Appendix B.

Testing was conducted with the model mounted between two -
dimensional wall inserts installed in the NSWCCD 8- by 10-ft
Subsonic Wind Tunnelf. Lift and pitching moment coefficients are
obtained by numerical integration of surface pressure taps as
recorded at center span using a multiple - port scanivalve
system. These coefficients were corrected by the addition of jet
reaction components. Standard solid blockage’ and wall
corrections® were also applied to the data. No wake blockage
correction factor was used because of the varying effects of the
jet. Drag is obtained from an integration of the wake momentum
deficit as measured using a total head rake placed 3.0 chord
lengths downstream of the model. The momentum deficit methods of
Betz and Jones®? were used to determine the drag coefficient. To
account for the additional momentum from the Coanda jet, a
correction was applied to the drag coefficient.

Normally a tangential wall blowing system is used to enhance
the two dimensionality of the flow across the airfoil span. For
this test the insert wall blowing system was unavailable, however
the recorded model spanwise pressure distributions were examined.
Data with either problematic spanwise or rake pressure
distributions are presented for completeness but a hatch mark
appears on the plots of 1ift as a function of momentum
coefficient to indicate these points.

Performance of circulation control airfoils is characterized
by the momentum coefficient, C, = m'V;/(q.S). Where S is the
reference area and q. is the freestream dynamic pressure. Mass
flow rate, m, through the Coanda slot was measured by a venturi
meter inserted in the air supply line. Jet velocity (V) was
calculated by assuming an isentropic expansion from duct
stagnation pressure to the freestream static pressure as follows:

PR = Pw/Pd

V; = a;

J J

My = [(2'RTq)- (y=1) /) (1= (Bg) V7H/Y) }72

Testing of the LSB17 model included three blowing modes, (1)
upper surface slot blowing only, (2) lower surface slot blowing
only and (3) dual blowing (simultaneous upper and lower surface
slots blowing). The test, out of necessity, was conducted using a
single venturi to measure all the mass flow. For single slot
blowing, either upper or lower, this arrangement presented no
technical problems. Momentum coefficient is calculated using the
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measured mass flow and the calculated jet velocity. When dual
blowing was utilized the mass flow passing through each slot was
calculated from the duct pressure and temperature and the slot
exit area using the isentropic flow equation:

for P, > 0.5283 (subsonic flow):

m = Aj.Pd'[ZY/((Y—l).R'Td)'[(PR)z/Y'—<PR)Y+1/Y]]1/2
for choked flow:

m = AyPg[y/(RTdeﬁ-[Z/(y+l)]W””ZW*’

The mass flow computed for each slot are added together and
compared to the total measured mass flow. Both calculated mass
flows and the difference between the sum and measured mass flows
were printed out and tracked as part of the data reduction and
validation process. '

A series of runs were made at freestream dynamic pressures
from 20 to 60 psf, corresponding to a model Reynolds number range
of 0.8 x 10° to 1.4 x 10° (Figure 2). Although there are some
differences in performance as dynamic pressure changes most data
was taken at qg. = 40 psf to allow for a wider range of C,. A
l1imited number of points were recorded at g. = 20 and 60 psf for
each blowing and slot height configuration.

RESULTS AND DISCUSSION

Characteristics of a 1l7-percent cambered ellipse with both
upper and lower surface trailing edge blowing slots were
evaluated over a maximum incidence range of -10 < a 2 10 deg for
three blowing modes. For upper and lower single slot blowing, the
model was evaluated at two slot height-to-chord ratios, h/c =
0.0013 and 0.0020 and values of momentum coefficient ranging from
C, = 0 to 0.22 (for q = 40 1bs/ft?). Figure 3 depicts the
variation of momentum coefficient with duct pressure for both
plenums. The expansion of the slots caused by the pressurization
of the duct were also determined. Measurements taken by
pressurizing each duct and measuring the resulting. slot height
with a thickness gage under quiescent tunnel condition showed
less than 0.002" increment above the 0.025" height at P4 = 10
psig for both slots.

Techniques used for single and dual slot blowing differ
somewhat from one another. For single slot blowing, the slot
which is not being used is closed by releasing all tension in the
pitch screws. Air supply lines are connected to both sides of the
model, but only to the plenum in use (the inlet to the plenum not
in use is temporarily capped off to prevent in/out drafts). The
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momentum coefficient noted in the data and figures reflects the
fact that all mass flow is exiting only from the slot indicated.
For this test dual blowing was evaluated for only one combination
of slot height settings; h/c = 0.0013 and 0.0002 for the upper
and lower slots respectively. The two available air supply lines
are connected one to each of the two plenum chambers. Such an
arrangement results in each plenum being supplied from only one
end of the model (a single end feed). The momentum coefficient on
the figures for dual blowing mode reflect the combined mass flow
ejected simultaneously out of both slots, unless otherwise noted.

LIFT

Sectional 1ift coefficients as determined by an integration
of the midspan pressure taps for the LSB17 model and the single
upper blowing slot parent airfoil are shown in Figure 4.
performance of the two models are virtually identical, and
therefore the first major objective of the 1.SB17 design, to
provide performance comparable to the parent airfoil, is met.

Figure 5 shows that the range of 1ift available at a = 0 deg
is more than doubled when lower slot only blowing is used in
conjunction with upper slot only blowing. This not only fulfills
the second design objective, to provide an expanded control
range, but also shows how a fixed surface can provide control
authority using only blowing. Figure 5 also indicates that the
augmentation of the airfoil with lower slot blowing (LSB) is
higher than that achieved with upper slot blowing (USB).
Augmentation is defined as the increment in lift achieved over
the unblown value for a given momentum coefficient. Since the
model is positively cambered in the conventional sense, lower
surface blowing is equivalent to using CC on a negatively
cambered airfoil. The augmentation obtained when using negative
camber would usually be assumed to be less than that for a
positively cambered foil. Although the reason for the increased
augmentation could not be definitively determined within the
scope of the current test, some possibilities include; (1)
differences in the upper/lower surface upstream boundary layer
due to differences in pressure distribution history, (2) details
of the lower nozzle design or (3) some other heretofore
unappreciated virtue of the pressure distributions developed when
using negative camber or some combination thereof.

Lift coefficient as a function of momentum coefficient for
upper surface blowing are shown in Figures 6a and 6b. In Figure
6a, for h/c = 0.0020, at a 2 0 deg the 1ift curves roll over at
progressively lower values of C, as the angle increases.
Examination of the pressure distributions indicates that a
leading edge separation is occurring at each of the roll over
points. These stall characteristics arise because the leading
edge stagnation point moves not only in response to changes in
incidence, but also in concert with the trailing edge stagnation
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point as blowing is increased. For a = -5 and -10 deg, Figure 6a
shows that either a reduction in the 1lift curve slope or a
rollover precedes the maximum 1lift point. Examination of the
pressure distributions show that this is not due to flow
separation but rather to either a reduction in pressure or actual
suction (-C,) which develops on the lower trailing edge due to
the influence of the Coanda jet. Figure 7, taken from Reference
10, illustrates the effects on the pressure distribution which
can occur when the influence of the jet extends well onto the
pressure side of the airfoil. For this slot height, a Cy., = 4.43

is produced at a = -5 degrees and C, = 0.22. :
Lift data for h/c = 0.0013, shown in Figure 6b, indicate a
Cimax = 4-17 is reached also at a = -5 degrees and a C, = 0.146;

which represents the same maximum duct pressure of 21 psig used
at the larger slot height. Data taken at a q = 20 lbs/ft? at this
incidence (Figure 2a) show that a Cyy = 4.26 is obtained at C, =
0.199, before excessive suction on the lower trailing edge
results in a reduction in the integrated lift. Leading edge
separation is again noted near the roll over points at both a = 0
and 5 degrees (Figure 6b).

Data for both slot height-to-chord ratios are also plotted
as a function of the square root of the momentum coefficient in
Figure 8. The C,,C, relationship is initially linear at low
blowing, but becomes proportional to C,}’? over most of the
momentum coefficient range shown in the figure; except where
either separation or suction are an issue(for a more detailed
discussion see Ref. 5). A direct comparison of the 1lift produced
at a = 0-and * 5 degrees for h/c = 0.0013 and 0.0020 is made in
Figure 9. For the upper surface slot, performance appears to be
largely insensitive to h/c in the range tested.

Lift data for the lower surface blowing slot is presented in
Figure 10 as a function of C, and as a function of C,'/? in Figure
11. The angles-of-attack noted on all plots for lower surface
blowing are physically the same as those for USB. For h/c =
0.0013 the maximum C, = -4.27 is obtained at o = 5 deg and a C, =
0.136, despite a large region of suction which develops on the
upper aft region of the trailing edge (Figure 10a). For lower
surface blowing large regions of suction, which reduce the
integrated lift, are noted at a 2 0 deg for higher values of C,
(symbols are on Fig.1l0 for these points). For each of the
negative angles in Figure 10 the loss in l1ift correlates with
leading edge separations as determined by examining the surface
pressure distributions.

At an h/c = 0.0020 (Figure 10b) maximum lift still occurs at
5 deg., however the coefficient has increased to -4.77. The
reduction in the lift curve slope at o = 0 deg. which begins at
C, = 0.1 is due to upper trailing edge suction, while the roll
over in the curve at C, = 0.13 is due to flow separation along
the lower leading edge. A comparison of the performance at the
two slot heights tested for the LSB configuration is shown in
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Figure 12. :

For the dual blowing mode (h/Cyper = 0.0013 and h/Cigwer =
0.0002) 1lift as a function of momentum coefficient for the upper
slot is found in Figure 13. Also plotted on this figure are the
" 1ift data for upper slot only blowing. The accompanying ratio of
slot momentum coefficients for these data are shown in Figure 14.
The C, ratios examined in this test ranged from approximately 20
to 30 percent, which is very high compared to the data of Ref. 5
and probably account for the reduction in lift. Within the
constraints of the current test it was not possible to make use
of the separate valving system for each plenum. Such a system
would permit a complete assessment of the impact of the C, ratio
on overall dual blowing performance, including possible reduction
in the loss of 1lift due to the excessive turning of the Coanda
wall jet. .

Augmentation ratio data are presented in Figures 15a - 15d.
The highest augmentation, in excess of 70, is achieved with LSB
at h/c = 0.0013, for 10 < o > -2.5 degrees. Using USB, ratio's
greater than 50 are produced over a range of incidence angles.
The augmentation ratio depicted in this figure are not those
resulting from a determination of a "local slope", but rather
calculated numerically using the definition AC,/C,. In general
for a given slot height the higher augmentation is obtained with
lower rather than upper slot blowing. :

The value of the minimum pressure coefficient as a function
of 1ift coefficient are shown in Figures 16a - 1l6e for each
blowing configuration. Minimum pressure has implications for both
aerodynamic and hydrodynamic applications; governing either
critical Mach number or cavitation onset. Minimum pressure
usually occurs in the vicinity of the trailing edge, particularly
at the higher blowing coefficients and is mainly a function of
C,, o and the local radius of curvature.

To complete the discussion of 1ift characteristics, the
effect of spanwise nonuniformity must be considered. Even when
wall blowing is used to supress seperation of the insert wall
boundary layer (thereby assuring model spanwise two-
dimensionality), the high 1lift coefficients still produce induced
downwash. For this test the insert wall blowing system was
unavailable and a determination of the effective incidence angle
was made. For the cases selected, potential flow pressure
distributions for several incidence angles and the experimental
C, were produced. The resulting distributions were then compared
to the experimental pressure distribution until leading edge
characteristics coincided. A further requirement for the match
was that the delta C, at midchord for both the experimental and
potiential distribution (delta C, being uniquely related to C,)
were the same. The effective incidence correction was determined
to be 0.5 degrees per C,.



DRAG

The variation of a modified drag coefficient with momentum
coefficient are presented in Figures 1l7a - 17e for upper, lower
and dual blowing, respectively. These data result from an
integration of the wake deficit using the method of Betz® which
was modified to account for the additional momentum of the jet
thereby becoming Cq = Carake ~ mV./ (q.S) . The initial unblown drag
ljevels are high due to the nature of bluff trailing edge
airfoils. Negative drag levels are achieved and maintained at
. zero and negative incidence for USB. For LSB the initial drag
level is reduced for most of the angles and become negative for
positive incidence. The secondary drag rise which occurs for both
USB and LSB configurations is associated with either leading edge
separation or trailing edge suction on the surface opposite the
blowing slot. This is the case whether or not there is a
degradation observed in the 1ift curve. An increase in drag often
begins before changes in the 1ift curve slope are noted.

Drag for the dual blowing mode is shown and compared to that
obtained with USB in Figure 17e. For dual blowing drag becomes
and remains negative as the momentum coefficient increases. The
drag rise seen at o = 0 degrees for USB, which is due to a
leading edge separation, does not occur with dual blowing because
the 1ift coefficient produced at a given C, is reduced.

The drag as presented does not include the energy expended
to produce blowing, which is usually equated to an equivalent
drag term. An equivalent drag can be computed using:

d. = d + Pepp/Va + MV,

The first term d is the momentum deficit as measured by the wake
rake (corrected for jet efflux); the second term is the
compressor power and the third term is an intake momentum flux.
The compressor power required may be expressed as:

= 0.5MR Ty (2y/y=1)L(1- (Pea/P) V)]

P comp

For subsonic flows with M, < 0.2, P.. = P. and the above becomes:
= 1/21wvf

Pcornp

Substituting for P.u,, the coefficient form becomes:
Cee = Cq + C, V5/(2V.) +C, V./Vy

The equivalent lift-to-drag ratio as a function of C, is shown in
Figure 18 for USB at an h/c = 0.0013.
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PITCHING MOMENT

The pitching moment about the midchord (Cgs) as a function
of momentum coefficient is depicted in Figures 19a - 19e, for
upper, lower and dual blowing respectively. In the absence of
other phenomena, the relatively high trailing edge suction peak
tends to produce a nose down moment for USB and a nose up moment
for LSB. Abrupt changes in moment can signify either leading edge
separation or the development of suction on the trailing edge of
the surface opposite the blowing slot. For USB, leading edge
separation can also produce a negative increment in moment, while
a positive increment can signify that there is suction (a loss of
stagnation pressure) on the lower trailing edge due to the
influence of the Coanda jet. For LSB the sign of the moment
- trends is reversed.

For the LSB configuration presented in Figure 19d, the nose
down moment generated at o = 0 deg for C, > 0.1 is due to excess
suction on the upper trailing edge. Suction is also noted on the
pressure plots at o = 5 deg, however the pitching moment does not
become more negative. For this case changes in the pitching
moment appear to be mitigated by an imbalance between the lower
surface leading and trailing edge suction peaks developed on the
airfoil.

For USB the data at o = 10, 5 and 0 deg in Figure 19a
represents the pitching moments which may result from a number of
flow phenomena. At o = 10 deg there is both a leading edge
separation and excessive suction on the lower trailing edge for
C, 2 0.13. After examining the available airfoil pressure
distributions, the governing factor for the moment is the balance
between leading and trailing edge suction peaks. The trailing
edge suction peak continues to rise throughout the C, range while
the pressure coefficient at the leading edge becomes relatively
constant at a fairly small, negative value of C, (due to leading
edge separation). Suction which develops along the lower trailing
edge is not sufficient to change the moment.

At o = 5 deg both upper surface leading edge separation and
suction on the lower trailing edge (beginning at C, = 0.07) are
still both present. Pressure levels on the upper surface at both
ends of the chord are more similar at 5 deg then at o = 10 deg;
however the trailing edge suction peak does begin to dominate as
C, increases. The combined effect of the upper surface pressure
distribution and lower trailing edge suction is that the pitching
moment remains virtually unchanged over the blowing range.

The resultant pressure distributions at o = 0 deg also show
a combination of upper leading edge separation and lower trailing
edge suction (which begins at a c, = 0.10). At this incidence the
moment curve becomes more positive with the onset of lower
trailing edge suction.



CONCLUSIONS

An initial evaluation of a cambered l7-percent thick
circulation control elliptic airfoil with both upper and lower
trailing edge blowing slots was undertaken. The objective was to
determine whether an expanded control range could be obtained by
incorporating a lower surface blowing slot, while maintaining the
performance previously achieved using the single slot parent
airfoil. The following conclusions were drawn from an examination
of the data: ‘ :

1. A lower trailing edge slot can be incorporated into an airfoil
without compromising the lift produced using upper surface
trailing edge blowing.

2. The airfoil control range, that is the AC, available at a
given angle-of-attack and momentum coefficient, was more than
doubled for the cambered profile of the LSB17 solely by changing
the blowing slot which is being used, from upper to lower or vice
versa.

3. A loss in the maximum integrated 1lift due to a loss in
positive pressure and/or suction produced by the excessive
turning of the Coanda jet was noted for both slots, but occurred
at lower blowing coefficients for lower surface slot blowing.
Such excessive turning has been shown in subsequent testing to be
controllable using a low rate of bleed air from the opposing
slot, with an attendant increase in lift.

4. For USB a maximum lift coefficient of 4.4, which is a AC, due
to blowing of 4.8, is achieved at a = -5 degrees and a C, = 0.22.
AC, = 4.2 (AC, = 4.6) is obtained at the same incidence for a C,
= 0.15. Using LSB at a = +5 degrees produces a Cypy = -4.3 (AC, =
5.0) at a C, = 0.14. Also at a = +5 degrees for a Cc, =0.1 a¢C =
3.5 (AC, = 4.2) is obtained.

5. Lift augmentation ratios, as computed using AC,/C,, in excess
70 are noted for lower surface blowing for a number of
combinations of incidence and blowing. Somewhat lower
augmentation ratios, in excess of 50, are produced using the
upper surface slot.

€. The reason for the comparative increase in blowing efficiency
when using the lower rather than the upper slot is not
definitively known. Determining why the efficiency is higher
would be best approached using computational methods.
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Figure 2a. Upper surface blowing.
Figure 2. Lift variation with Reynolds number.
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Figure 3a. Upper surface blowing.

Figure 3. Variation of momentum coefficient with duct pressure and slot height.
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Figure 4. Comparison of the lifting efficiency of the LSB17 and parent airfoil.
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Figure 6a. USB, h/c = 0.0020.

Figure 6. Lift variation with momentum coefficient.
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Figure 6. (Continued)
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Figure 6b. USB, h/c = 0.0013.
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Figure 8a. USB, h/c = 0.0020.
Figure 8. Lift variation with the square root of momentum coefficient.
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Figure 8. (Continued)
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'Figure 10. Lift variation with momentum coefficient.
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Figure 10b. LSB, h/c = 0.0020.
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Figure 11. (Continued)
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Figure 15. Lift augmentation ratio.
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Figure 16. (Continued)
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Figure 17. Drag coefficient variation with momentum coefficient.
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ABSTRACT

A circulation control (CC) airfoil wind tumnel model
with both upper and lower surface blowing slots has been
designed for use in performance evaluations. Previously all
CC. airfoils designed at the David W. Taylor Naval Ship Research
and Development Center have had slots placed only on the upper
surface. In such a configuration the lift due to blowing can
only increase the unblown 1ift. With the addition of a lower
surface slot, lift either can be increased or decreased, which
effectively doubles the airfoil control range. One major
application of this airfoil is to circulation control rotor-
‘eraft. where the collective pitch angle mechanism can be
eliminated thereby potentially reducing the lifting system
weight.

ADMINISTRATIVE INFORMATION
The work presented herein was supported by the David W. Taylor Naval Ship
Research and Development Center (DTNSRDC) under the Independent Exploratory
Development Program sponsored by the Space and Naval Warfare Systemé Command
(SPARWAR 05), and administered by the Research Coordinator (DTNSRDC, Code 012.3)

under Program Element 62766N, Task Area RZ66300. DINSRDC Work Unit 1-1690-107.

INTRODUCTION

To date all DTNSRDC circulation control (CC) airfoils have been designed with
blowing slots placed only on the upper surface. In this configuration the 1lift
due to blowing can only increment (increase in, a positive sense) the unblown lift.
The objective of this project has been to provide an airfoil where 1lift can be
increased or decreased with fespect to the unblown value. Such an objective can
be achieved with an airfoil incorporating both an upper and lower surface blowing
(LSB) slot. One specific purpose of LSB airfoils is to eliminate the variable
mechanical collective mechanism (blade pitch angle) required for roll moment trim

at high speed on circulation control rotors. The current task, therefore, has been



to design a wind tunnel model of an LSB airfoil for use in performance evaluations.

ANALYTICAL METHODS

Before designing the actual airfoil, it was necessary to establish operational
requirements for an LSB airfoil. The CRUISE4 rotor performance code was used to
ascertain the local angle of attack and the lift-due-to-blowing (ACL) required fdr
rotor trim with a fixed-blade (zero) collective pitch angle. The results are
shown in Figs. 1 and 2. Potential flow theory was then used to predict the maximum
1lifting capability in both the uppef and lower surface blowing modes of several
airfoil sections on the RBCCRT blade; see Fig. 3. Maximum lift is predicted using
a C * stall criteria; that is, a stall phenomenon which occurs when critical (sonic)
pressure is reached in the vicinity of the Coanda surface. A comparison of the
rotor requirements for CRUISE4 with the aﬁalytically predicted maximum 1ift
capability showed that the LSB concept is feasible.

Potential flow theory was also used to determine the placément of the lower
blowing slot. The slot is usually placed ahead of the omset of adverse preséure
gradients for typical combinations of 1ift and angle of attack. Predicted pressure
. distributiohs for identical absolute lift levels for both upper aﬁd lower surface

blowing are shown in Fig. 4. The substantial difference in the distributions is

due to the presence of camber.

MODEL CONTOUR SELECTION
Several factors were considered in selecting a basic contour for implemen-
tation of LSB. The state of the art in CC airfoil design has not reached the point

where an entirely new contour can be devised with confidence. Thus an existing

+ Reader, K.R. and J.B. Wilkerson, "circulation Control Applied to a High Speed
Helicopter Rotor," DTNSRDC-77/0824 (Feb 1977). ,
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profile; the RB17, was selected with a thickness ratio of 0.17 and a 1.0-percent
camber. The basic performance‘properties of the RB17 are well suited to the needs
of a follow-on rotor design where it might be applied to the blade outboard region.
The outboard region is where the LSB feature is most beneficial for roll control

due to the large moment arm. Also, an extensive performance data base already

exists for direct comparison of this airfoil with the LSB variant.

'DESIGN DETAILS

A design prerequisite was that the performance of the LSB1l7 be comparable to
its parent airfoil when using upper surface blowing. Thus the new slot was
imbedded, and the existing trailing-edge radius was maintained as completely as
possible. Imbedding the slot means that when lower surface blowing is not being
used (the slot is closed) the contour in thg slot exit area will be as smooth as
possible. A requirement that the second derivative of the modified Coanda surface
ﬂe continuous was also placed on the design.

Several analytic functions were applied in an attempt to modify the lower
surface of the RB17 airfoil to accommodate a lower slot/nozzle/Coanda. None of
the functions could simultaneously satisfy the derivative requirements for the
Coanda surface while providing appropriate clearances for a closed (imbedded) slot
nozzle design. Due to time constraints, a dec%§ion was made to use a computer
aided design (CAD) system. The available CAD system could use only circular arcs
to modify existing surfaces; therefore, by an iterative process, the existing
trailing edge was modified using a circular arc whose radius matched that of the
original Coanda surface at the break point. Figure 5 shows the final LSB Coanda
contour. The modifying arc with an r/c = 0.0417 [(x/c)c = 0.9614, (y/c)c = 0.00808]

intersects.the RB17 trailing edge at x/c = 0.987, y/c = -0.02486. Results of a

A7



radius of curvature analysis of the LSB Coanda surface are presented in Fig. 6.

The design slot height to radius ratio (0.0015 ¢ 0.0417 = 0.036) is consistent with
the value used on the upper slot; therefore, premature jet detachment_would not

be expectéd. The slot nozzle, shown in Fig. 7, was designed using straight line
segments, as had previously been the practice at DINSRDC. The interior of the
upper (RB17) nozzle design also required modification to provide a larger duct area.
However, the original nozzle contour was preserved for 10 slot heights (based on

h/c = 0.0020) upstream of the slot exit.

WIND TUNNEL MODEL SPECIFICATIONS AND REQUIREMENTS

The proposed wind tunnel model has a 12-in. chord and a span of 36 in. The
chord length is based on two criteria. TFirst, there is the necessity of having a
Reynolds number (Re) of at least 1 x 106 (based on chord) at the low-speed test
condition of M_ = 0.12. Performance properties unrepresentative of full-scale
conditions are believed to occur below a model Reynolds number of one million.
Also, the test results would then be at essentially the same Re as that of the
original RB17 model, thereby permittiﬁg more cértainty in identifying LSB effects
on basic performance. Second, the selected chord length sbould not be so large
as to cause excessive wall effects during the proposed high-speed tests in the
NASA 6-ft wind tunnel. Physically the model must be compatible with the inserts

"

in both the DINSRDC 8- by 10-ft and the NASA Ames 6—ft wind tunnels.

The LSB model will be constructed with two plenum chambers to allow pressure
control of each chamber independently of the other for investigating differential
blowing. In the past, closing down a slot on a model to eliminate blowing during

single slot testing has been unsatisfactory due to leakage. Figure 8 shows a

partially completed mechanical layout of the actual model.




SUMMARY
The aerodynamic and mechanical design of a circulation control airfoil with
both an upper and lower surface blowing slot have been completed. The basic
proéile, taken from an existing airfoil, will allow assessment of the effect of a
lower surface blowing slot on the overall aerodynamic performance. An experimental
evaluation of performance at low speed will be undertaken in the DTNSRDC subsonic

wind tunnel upon completion of model construction.
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Table B1. Coordinates of construction for the LSB17 model.

lower plenumn floor C:

exterior nozzle point . _

X (inches)

«6..00000000
10,050000
10.050000

- 10.800000

11,280000
- 11.340000

11, 400000

11.,460000
11.53200000
11.63732040
11, 64000000
11.62380360
11.57538240
11.52647400

11.,47718760.

11.42758920
11.37773280
11.32766160
11,27741160
11.22702480

11.17652640 -

11.12594760
11.07529680
11.02458720

1097381640

10.92299640
10,87212360
10.82120880
10,77025440
10.539506 40
10.30819920
10.07646960
- 9.84442440
9,61213920
9.37965360
9.14701920
8491425640
8. 68139160
8444844520

T BT21542680

798235200
7474923160
751607040
728287680
7.04965680
6081642120
6.583168890
6434990680

6411663640
5« 88336480
5465009440

Y(inches)

-+46766880 -

-e46766880
-.36380000

~+36380000: :
\ o

~e44866000
-« 45390000
-+.45390000
- +45078000:--
-.43810560 ,

 —=+40388400——
“:;1L95gb§bw
-e41694360

-+43479960
-+45129000
-4 6660800
-+ 48089040
- 49423800
-+ 50675160
-.51853800
-+52971240
-+54039360
-+ 55066800
-+56059440
~257019560
~e57949440
- 58849560
-+59721600
-. 60567240
-.61387200
-« 64 808400
- 67825560
-« 70503840 *
-.72893040
-+ 75030960
~.76947360
-2 78666240
-+80206800
-.81583800
~.82811160

-=283898960

-+ 84856560
-+ 85691640
~+86409840
-+ 87016800
~+87912360
-.88207200
-+ 88402680
- 288499760
—+ 88499760
- +88402680

LOWER SURFACE

lower nozzle

interior nozzle point
slot exit




Table B1. (Continued)

5,41683240
5.18358000
4.95034320
4,71712320
4,48393200
4.25077080
4.01764800
3,78457320
3455155600
3.31860840
3.08574360
| 2.85298200

12462034520
1 2.38786440
| 24155574.40

11.92353160
1169180440

146049360

'1.22974800
11.18109400
'1.13247600
' 1.08390000
1.03536840

.98688240

« 93844800

«89007000 ;

« 84175200

«79350600 '
« 74534760
«69730200 |
«64940040 .
«60167640
«55416360 -
«50690400
«45994560
« 41335560
236723240 °
«32173560
«27708240 |
+23357160 *

+19159800
«15171960

011461440 |

.08120760 .
«05263560
«02986800 .

01334400 .

00333360

0400000000 :
+00341400
.01350240"

B4

-.88207200

-.87912360
-+ 87516480

-+.87016800
-+ 86409840
-+85691640
~+84856560
-+ 83898960
-+ 82811160
-.81583800
-+ 80206800
-e78666240

-+ 76947360
~.75030960

-+ 72893040

-+70503840
-.67825560 .
-.64808400

-+61387200

-.60604800

-¢59799240

-e58969560

~.58114440
~e57232440
-. 563229 60
- 55384560

T ~e54415200
~+53411160

-+52365840

~e51269640

-«50112240
-.48883800
-a47576040
-e 46179360
-+ 44685000

"-. 43079400

-. 41344440
~+39451440
~+ 373680 00
~+35055840
-.32475240
~.29582160
-+26342400
-.22723440
~+18713040
-+14346960
~.09708240
~+04887000

0.00000000~ — leading edge

04945440
. «09765000

—




i
1

<03010200
+05277360
080684160
.11358360
«15029160
«19028640
«23292840
027765840
232398560
«38399040
«49855440
61445760
«73148760
» 84939240
'1.08712200

" 1432683640

1.56827040
1.81103760

2405464360

2.29890720
2.54371560
2.78897400
3.03461760
3.28058760
3.52683120
3.77331720
4.02000000
4,26685920
4.51386000
4. 76098200
5.00820000
5425549480
5.50284360
5. 75023080

. 599763720

624504480
649243320
6.73978200
698708040
7. 23429840
7.48142280
7. 72842840
7.97528880
8.22197520
8.46846360
8.71471800
8496069040
9420633880
9.45160560
9469642240
9.94069920
10.18431840

10.42713360

10.66893360
10.73595360
10.81735200

-10.89857280

10.,97959320
11.06038440

e l44qLuvyou

< 18772440
+22819200
« 26498400
«29782560
32658000
+35124360
+37188960
438864400
+ 41559960
+46225560
« 50547840
«54555360 -
«58298040
« 65146800,
« 71265600
« 76665600
«81429840
« 85748760
« 89679840
«93257760
« 96510600
+99460440 -
1.02125160
1.04520000
1.06656960
1.08546480
1.10196240
1.11613800

. 1412804800

1.13773680
1. 14524040
1.15058760
1.15379640

-~ 115487760

1.15383600
1.15066800
114536160
1.13790000
1.12825440
1.11638640
1.10225400
1.08579960
1.06695360
1.04563200
1.02173400

«99513840

¢ 96569640

«93322800

89751360
.85827360
«81516240
« 76772400
« 71535840
«69982200
68027400
. 65999760
+63894240
« 61703160

Table B1. (Continued)

[>T

UPPER SURFACE




—

fairing of support
plate into lower
Coanda Surface

Table B1. (Continued)

711.14092720

11,22118560
11.30111520
11.38065840
1145974200

. 11449907440

11.53824360
11,57722920
11.61601200

- 11.61206280

11.54372640
11.47395600

11440360360

11,340000

11.280000.

11.220000
11.182000°
10. 960000
10.745000
—10. 050000
10.050000
6.00000000
- 6.000000
= 10483690
10.89222
10.94682

© ' 171.00008

11.05134

l 11.09997
- - 1114537

11,16729600

- 11.19650760

11.22806520
11,26175280

- 1129733760

11.33457360
11.317320760
11.41297200

~-1124%5359440

11.49479520
11.53628880
11.,57779200
11.61901920
11.65968720
11.69951520
11,73822960
11,77556400
11.81126160
11.84507640
11.88852120

11.92299360

B6

.59421360
«57041640
« 54553200
+51945000
o 49199160
< 47767440
« 46292040
.44768760

° 43194000 —slot

o4 2140640
«44181960
« 45674160
« 46865400
«47304000
« 47304000
« 47094400
« 46762000
45329000
« 44 850000"

{

underside of
upper,nozzle

44850000 — endnozzle

"« 58236000 :h

«58236000~

-+1176400'
-+1207059-
-21298600
- 1450040
-+1659390
-.IQZKfﬁj
-.2241000

Coanda support plate
lower surface

~e24018120——T

-2 26970720
—e29671320
- 232100960
-« 34243200
-.36083160
-+37608240
-.38807880
-+39673920
— 40200360
-+ 40383600
-.40222440
-+39717840
—-.38873400
-e37694760
-¢36190200°
— 34370040
—¢32246760
-+ 29835000
~-+26037000
-« 222003 60,

Lower Coanda Surface




Table B1. (Continued)
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11795199760 . -+17936400

. 11497451200 -+13297200
11.99010480 -.08381760
11.99848680 -+ 032934 00:

12.00000000 0 « 000 0000 0-— trailing edge point
11.99951400 .01869360 A
11.99315520 « 06987000
11.97953280 +11960640

11495894560 «16688760
© . 11.93206680 - .21090840
'11.89971720 «25107960  Upper Coanda Surface
" ©11+86271040 .28701360
. 711.82184920. +31850160
11.77788360 +34549200
11.73148320 +36805440
11.68322640 538631840._____3¥F_

11363358720 "7 "e40039440 Do

11.58290040 «41005440 )
11.53153920  «41491440  Coanda Surface
11.47994640 . 41483160 inside of slot
11.42858880 " <40989600
11.32790320 .40024200
11.32836000 +38599800 i
11.28028920 . »36725640
11.23414200 +34418040
11.19030720 . ' +31696800
11.14915440 .28584600
11.11103400 . +25107960-

11.069000 »22004 *

11.004100 «18233700 fairing of Coanda surface
10.934250 .15478000 into support plate
10.861070 «1379971 4

10, 786200 .1323640 :
60000000 113236400 i suppPOXtplate

upper surface
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INITIAL DISTRIBUTION

Copies Organization Code Name
1 ONR 333 R. Joslin
1 NAVSEA SEA O5H M. King
1 DTIC
1 NSWCCD 3442 TIC(C)
1 NSWCCD 5010 Administrative Off.
L NSWCCD 506 D. Walden
1 NSWCCD 5600 E. Ammeen
1 NSWCCD 5600 D. Hess
1 NSWCCD 5600 J. Feldman
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